Background: Reduced salivation is considered a major clinical feature of most but not all cases of primary Sjögren's syndrome (pSS). Reduced saliva flow may lead to changes in the salivary microbiota. These changes have mainly been studied with culture that typically recovers only 65% of the bacteria present. Objective: This study was to use high throughput sequencing, covering both cultivated and not-yet-cultivated bacteria, to assess the bacterial microbiota of whole saliva in pSS patients with normal salivation. Methods: Bacteria of whole unstimulated saliva from nine pSS patients with normal salivation flow and from nine healthy controls were examined by high throughput sequencing of the hypervariable region V1V2 of 16S rRNA using the 454 GS Junior system. Raw sequence reads were subjected to a species-level, reference-based taxonomy assignment pipeline specially designed for studying the human oral microbial community. Each of the sequence reads was BLASTN-searched against a database consisting of reference sequences representing 1,156 oral and 12,013 non-oral species. Unassigned reads were then screened for high-quality non-chimeras and subjected to de novo species-level operational taxonomy unit (OTU) calling for potential novel species. Downstream analyses, including alpha and beta diversities, were analyzed using the Quantitative Insights into Microbial Ecology (QIIME) pipeline. To reveal significant differences between the microbiota of control saliva and Sjögren's saliva, a statistical method introduced in Metastats www.metastats.cbcb.umd.edu was used.
P rimary Sjögrens's syndrome (pSS) is an autoimmune, chronic inflammatory disease of unknown etiology characterized by progressive infiltration of mononuclear cells into salivary and lacrimal glands, resulting in impairment of gland function. It is also associated with lymphocytic infiltrates and immunological hyperactivity. The most commonly affected glands are the salivary and lacrimal glands. This causes typical dryness in the mouth and keratoconjunctivitis sicca in the eyes (1). Atkinson et al. (2) found that 88% of Sjögren's syndrome (SS) subjects had reduced salivary flow rate (hyposalivation), and subjective complaints of dry mouth (xerostomia) were reported in 75Á92% of such patients (3) . pSS occurs when gland inflammation causes both dry mouth and dry eyes and is not associated with another connective tissue disease, while secondary SS is associated with connective tissue diseases such as systemic lupus erythematosus, scleroderma, or rheumatoid arthritis (RA).
Sjögren's syndrome is most prevalent in patients of advanced age, especially in those aged 50 years and older, and women are affected more frequently than men (4) . With hypofunction in the salivary glands, the homeostasis of the oral microbiota is changed. This may increase the chances for developing microbial diseases, such as dental caries and oral candidiasis. Parvinen and Larmas (5) found that hyposalivation helped streptococci, actinomyces, and lactobacilli thrive in the oral cavity. In other studies, hyposalivation was reported to be followed by high counts of Lactobacillus and Candida species (6, 7) . In a study of the oral ecology in patients with severe Sjogrens's syndrome, Streptococcus salivarius, Neisseria pharyngis, Veillonella species, and Micrococcus mucilaginosus were significantly reduced compared with controls while the number of Staphylococcus aureus and Candida species was significantly increased (8) . Thus, previous literature has shown that hyposalivation can affect the composition of the microbiota in the oral cavity, but it is unclear whether a shift in the oral microbiota occurs in pSS patients with normal salivation.
It is noteworthy that previous studies assessed the microbiota with culture, occasionally with selective media and/or with commercial tests for select organisms. It is generally recognized that only 65% of the bacteria in the oral cavity can be recovered by culture.
The aim of the present study was to characterize the bacterial profile in whole saliva of pSS patients with a normal salivary flow rate by high throughput sequencing. This technique recovers both cultivated and not-yet-cultivated bacteria thus giving an in-depth overview of bacteria present.
Methods
Sampling and sample processing Whole unstimulated saliva was collected from nine pSS patients (age 45Á79 years) consisting of eight females and one male, and from nine healthy female controls (age 39Á68 years). They all had a normal salivation rate of !1.5 ml in 15 min. All patients fulfilled the revised American European Consensus Group criteria for classification of pSS (9) . DNA was extracted from the samples (200 ml volume) using the MasterPure TM DNA Purification kit (Epicentre, Illumina Company, Madison, WI) and the final DNA was dissolved in 1)TE buffer. The 16S rRNA hypervariable region V1V2 was sequenced on a 454 GS Junior system (Roche, Branford, CT) using the primers (9) listed in Table 1 . Molecular identifier (MID) tags, 10-mer, were used as sample identifiers and are listed in Supplementary Table 1 . Amplification reactions were performed as described by Siddiqui et al. (10) , with minor modifications as follows: the cycling program was reduced to 30 cycles and triplicate PCRs were performed for each sample. All PCR products were pooled and purified using Agencourt AMPure PCR purification (Beckman Coulter, Brea, CA). DNA quality and concentration were assessed with Bioanalyzer 2100 (Agilent, Santa Clara, CA) and Nanodrop 3300 Flurospectrometer (Thermo Scientific, Wilmington, DE). of the read length that was aligned to the reference was used to calculate the sequence percent identity) were classified based on the taxonomy of the reference sequence with the highest sequence identity. If a read matched with reference sequences representing multiple species with equal best scores (i.e. equal percent identity and alignment length), it was subject to chimera checking. Non-chimeric reads with multi-species best hits were considered valid and were assigned as a different species with multiple species names. Unassigned reads (i.e. 598% identity or 590% alignment length) were pooled together and subject to the de novo chimera checking and sequence quality screening using the USEARCH program, version v8.1.1861 (13) . The de novo chimera checking was done using 98% as the sequence identity cutoff. The sequence quality screening was done with the 'expected error rate' 51 (13) and length ]200 bases. Non-chimeric, high-quality unassigned reads were then subject to species-level de novo operational taxonomy unit (OTU) calling with 98% as the sequence identity cutoff using USEARCH. Representative reads from each of the OTUs/species were BLASTN-searched against the same reference sequence set again to determine the closest species for these potential novel species. The taxonomy information used in this study is available at ftp:// www.homd.org/publication_data/20150519/ for HOM-DEXTGG and ftp://ftp.ncbi.nlm.nih.gov/pub/taxonomy for the NCBI sequences. All assigned reads were subject to several downstream bioinformatics analyses, including alpha and beta diversity assessments, provided in the QIIME (Quantitative Insights into Microbial Ecology) software package version 1.9.1 (14) . The phylogenetic tree required for constructing the UniFrac-based matrices used in some of the beta diversity analyses was built dynamically from reference sequences with matched reads. The reference sequences were aligned with the software MAFFT version 7.149b (15) prior to tree construction using the QIIME treeing script. Downstream analyses were done for a range of minimal read count (MC) per OTU/species: 1, 2, 5, 10, 50, and 100 separately. All read counts presented in this paper are based on MC 100 analysis.
To reveal significant differences between the microbiota of control saliva and Sjögren's saliva, a statistical method introduced in Metastats www.metastats.cbcb.umd.edu was used. This method employs a false discovery rate to improve specificity in high complexity environments, and in addition handles sparsely sampled features using Fisher's exact test (16) . A p-value of 50.05 was considered significant. Only taxa (at different levels) with significant differences in abundance are listed in Table 2 . For diversity analysis and variations, QIIME was used (14) . 
Results

Sequence data
Of the 106,614 raw sequence reads obtained from pyrosequencing, 93,458 were successfully assigned with a valid sample ID based on the barcode sequences. Of these, 68,020 matched references with ]98% identity and ]90% alignment length, 65,618 matched a single species, and 2,402 multiple species. Of the 2,402 reads that matched multiple species, 1,160 were determined to be chimera and were discarded. The remaining 25,438 (93,458Á68,020) unmatched reads were subject to chimera checking and sequence quality screening, and 18,181 (71.48%) were chimeras and 5,758 failed quality screening and were discarded. The final 1,499 good-quality unassigned reads were clustered into 406 species-level OTUs by USEARCH, of which 391 OTUs had BLASTN hits (1,455 reads) and 15 had no hits (44 reads). A summary of this assignment sequencing processing statistics is listed in Table 3 . The 68,315 assigned reads belonged to 680 species-level taxonomic units and were subject to avariety of analyses provided in QIIME at various MC cutoffs (1, 2, 5, 10, 50, and 100). The complete QIIME results are available for download at ftp://www.homd.org/ publication_data/20160412.
Composition of the salivary microbiota of pSS with normal salivation Using MC100 as the minimal read count cutoffs, six different phyla were detected in pSS patients, with DNA sequences predominantly assigned to Firmicutes (57%), Bacteroidetes (26%), Proteobacteria (8%), Actinobacteria (8%), and Fusobacteria (2%). In Fig. 1 , a comparative taxonomic view of 16S rDNA sequences is given from bacteria in pSS saliva and control saliva assigned to the phylum level. Saliva from SS displayed a significantly higher frequency of Firmicutes compared with control saliva (p00.004) while Synergistetes and Spirochaetes were significantly lower than in controls (p00.001, for both, see Table 2 ).
Twenty-five bacterial genera were detected in SS. Relative abundance of the 18 major genera identified in the sequence pool of nine pSS saliva samples and nine control saliva samples is shown in Fig. 2 . There was a 17% reduction in the numbers of genera identified in SS compared with those of controls (25 genera vs. 30). While Prevotella was almost equally abundant in controls and in SS (25 and 22%), an about twofold increase in Streptococcus (28% vs. 17%) and Veillonella (26% vs. 12%) was observed in pSS patients.
Metastats analysis showed that the genus Streptococcus (p00.037) was significantly higher in pSS patients than in controls (Table 2) , while eight other taxa were significantly higher in controls than in pSS patients. Among these were
, and Moryella (p00.001). In pSS patients, the most abundant species were the Veillonella parvula group, Veillonella atypica, Prevotella melaninogenica, and Prevotella histicola. However, Veillonella sp._Oral_Taxon_917 was the only significantly increased species in pSS in contrast to controls (p00.001). Totally, there was a reduction in the number of species detected in SS compared with controls. V. atypica and the V. parvula groups were most predominant in the patient samples (14 and 14%). It was also noteworthy that Porphyromonas gingivalis, Tannerella forsythia, and Treponema sp._Oral _Taxon_237 were significantly more prevalent in the control group than in the pSS group (p00.038, 0.017, and 0.001, respectively, see Table 2 ).
A total of 339 species were identified to be absent among the 1,151 known oral species from the Human Oral Microbiome Database, www.homd.org/ (May 2016). However only 13 species had a combined read count of ]100 across all samples and several of them only differed from the known oral species by naming discrepancy. The two species with most abundant reads were Streptococcus sp._str._C300 (1,809 reads) and Prevotella jejuni (1,565). P. jejuni appeared to be more abundant in the pSS samples. A complete list of the new oral species and novel species is provided in Supplementary Table 2.
Species and richness diversity
The observation that healthy samples had higher species richness and diversity than disease samples are confirmed in Fig. 3 . Figure 3A shows that the average species richness is higher in health than in disease, based on the observed species rarefaction curves; Fig. 3B shows the estimated species richness evaluated on the Chao1 matrix and Fig. 3C is the rarefaction curves based on the Shannon index, which evaluated alpha diversity as the evenness of the species of individual samples by taking into account the read count abundance. All these three figures indicated that health samples had higher alpha diversity than the samples from disease. Fig. 3D is the 3D illustration of the PCoA analysis of all samples based on the 'weighed UniFrac' distance matrix and shows that the disease samples can be separated on the second and third principle component, as indication of distinct beta diversities between these two types of samples.
In Fig. 4 , a comparison of the phylogenetic distribution of bacterial reads at the species level between the health and the Sjögren samples is given. SJÖGREN'S SYNDROME SALIVA Fig. 1 . Summary of the major bacterial phyla detected in pSS saliva (n 09) and control saliva (n 09). MEtaGenome Analyzer (MEGAN) www-ab.informatik.uni-tuebingen. de/software/megan/welcome.html was used to visualize taxonomic content. Size of the circles is scaled logarithmically to the total number of reads assigned to the taxon. Fusobacteria, the smallest of the major phyla depicted, constituted 2% of the total. Discussion pSS is an autoimmune disorder of unclear etiology. Along with genetic susceptibility, environmental factors are considered important contributors in the development of autoimmunity (17) . Especially microorganisms are thought to play a key role in the initiation and development of autoimmune disorders (18) , although the mechanisms are still unknown. At present, the majority of studies on the connection between microorganisms and SS focused on the effect of hyposalivation on the composition of the oral microbiota, but it remains unclear whether a shift in the oral microbiota is present independent of hyposalivation in SS. To better demonstrate this, we utilized high throughput sequencing to compare the bacterial composition of the salivary microbiota between pSS patients with normal salivary flow rate and healthy controls. Indeed, this approach showed alterations in the composition of the salivary microbiota between these two groups. These alterations were characterized by a higher portion of Firmicutes and a reduction in the abundance of four other major phyla, namely Bacteroidetes, Proteobacteria, Fusobacteria, and Actinobacteria. Firmicutes represents a phylum where most bacteria have a Grampositive cell wall. Among them are oral genera such as Streptococcus, Lactobacillus, Selenomonas, Clostridium, and Eubacterium. On the contrary, the phyla Bacteroidetes, Proteobacteria, and Fusobacteria are composed of Gram-negative bacteria, while Actinobacteria is a phylum of Gram-positive bacteria. On a genus level, there was an increase in Streptococcus and Veillonella in pSS patients; however, there was a reduction in the total number of bacterial genera and species in pSS compared with controls.
These findings indicated that a shift in the oral microbiota can be present in pSS independent of hyposalivation effects. Interestingly, Zhang et al. (19) reported a caseÁcontrol metagenomic-wide association study of fecal, dental, and salivary samples from patients with RA. In line with our study, they found alterations in the microbiome in all sites, most strikingly an enrichment in Gram-positive bacteria and depletion in Gram-negative bacteria when compared with healthy individuals, which resolved partly after treatment with disease-modifying, anti-rheumatic drugs. Veillonella and Lactobacillus salivarius were particularly enriched in dental and salivary samples from subjects with RA (19) . These findings demonstrate that there is a connection between the oral (and gut) microbiota and autoimmune disease, but it remains unclear whether an altered microbiota causes autoimmunity or the altered microbiota is an effect of the disease. Animal studies have demonstrated that an altered microbiota may indeed have a role in triggering and precipitating autoimmunity. By using animal models of experimental colitis (20) and arthritis (21) , it was shown that Gram-negative bacteria, including Escherichia, reduced inflammation, possibly through the TLR2/IL-10 axis which results in the repression of the pro-inflammatory pathway (20) , whereas Gram-positive bacteria such as Lactobacillus contributed to the development of a more severe disease (21) . Furthermore, the only study available on the mechanism of action of bacteria in SS development has demonstrated that T-cells from mice immunized with the Ro60 (Sjögren's syndrome antigen A) peptide, derived from one of the major autoantigens in SS, could be activated in vitro by peptides from the normal human microbiota, including oral bacteria (22) . Among these, a peptide from the von Willebrand factor type A domain protein from the oral microbe Capnocytophaga ochracea was the most potent activator. These intriguing findings support the notion that the microbiome and SS connection might be explained by the molecular mimicry theory. However, no increased abundance of C. ochracea in the salivary samples from pSS patients was found in our study. The increase in Veillonella in pSS might be due to the fact that they are known lactate consumers (23) . Since there was an increase in Streptococcus in pSS patients, it is reasonable to expect that V. atypica and the V. parvula group had grazed on lactate as a metabolic product from streptococci. Finally, Porphyromonas gingivalis, a keystone periodontal pathogen, was more abundant in the control group than in the pSS group, in agreement with other studies that did not find an association between periodontitis or P. gingivalis and SS (24, 25) .
Another major feature of this study was the comprehensive bioinformatics approach to analyze the next generation 16S rRNA pyrosequencing reads. This provided optimal taxonomy classifications for assessing the microbial communities of clinical samples. Without preliminary sequence quality and chimera checking, the raw reads were directly used for BLASTN-search against the reference sequences. This maximized the taxonomy assignment rate. Our rationale was that, even when some reads have poorer qualities (e.g. lower base quality score, shorter length, or interspecies chimeras), as long as the match length was ]90% and identity ]98%, and matched reference sequences represented a single species, one could be confident that the reads were derived from individual species. In the case that a read matched two species under the same criteria, it was possible that the read was a chimera of the two species. Hence, such reads were screened for chimeras at the species level (98% identity) and only non-chimeric reads were retained. For this study, 2,402 reads had multi-species hits and 1,160 were chimeras and were removed from further analyses. Those 1, 242 reads that matched multiple species with equal percent sequence identity may have represented a new species with the sequence in this region that was equally similar to the hit species. Thus, they were treated as individual species entities for analysis. However, due to the relatively lower read counts in this study, they did not play a significant role that contributed to the characteristic of the samples.
The stringent assignment criteria, that is, the species-level sequence identity (98%) and high alignment length (90%) relative to the reads, prevented the low-quality or chimeric reads being assigned during the BLASTN-search stage. As expected, a high percentage of the unassigned reads (71.48% of 25,438) were determined as chimera. To identity Fig. 4 . Comparison of phylogenetic distribution of bacterial reads between the health and the Sjögren samples. Percent blue abundance for each species was calculated by assigned reads divided by total reads of all samples of the same clinical state (health or Sjögren). Only those species with a combination of minimum 100 reads were plotted. The size of the colored circles is proportional to the percent abundance, with blue as Sjögren and red as controls.
potential novel species that are not represented in the reference, only high-quality longer reads were used for de novo OTUs determination because de novo OTU calling is very sensitive to sequence quality noise, and numerous arterial OTUs could be generated if lower quality reads were not excluded.
We used a combined reference sequence dataset that represents a total of 13,164 individual prokaryotic species, of which 1,501 were known species present in human oral cavities. These sequences are well-curated with taxonomy information and were of good quality and length. The inclusion of both GreenGene and NCBI 16S rRNA references enabled the discovery also of non-oral species. Finally, the use of the near full-length 16S rRNA sequences allowed assignment of reads of different hypervariable regions.
For downstream analysis, we used the well-developed QIIME software package, which provided a plethora of visualization tools, as well as various matrices for assessing both alpha and beta diversity. A custom workflow computer script was developed to automatically generate QIIME results based on various MC cutoffs, ranging from 1 to 100. The MC cutoffs are often arbitrarily determined and can have certain impact on the results and the interpretation of biological significance. The use of lower MC will generate higher species richness (alpha diversity). However, regardless of the MC cutoffs and the alpha diversity matrix used, the health samples consistently have higher average alpha diversity than the pSS samples. The human oral cavity is an open environment; thus, it is likely to harbor transient species. However, the quantity is usually very low and including them should not affect species evenness and the best diversity. As expected, although the 2D and 3D best diversity plots varied slightly, the pSS samples in this study were always separable from those of health, as shown in the plots based on the weighed UniFrac matrices.
In conclusion, a noteworthy feature of this study was the dysbiosis demonstrated in the oral microbiota of pSS patients as seen through the marked change in their microbiota of whole saliva compared with controls. This applied to bacterial phyla, genera, and species. Since the salivary flow rate was normal, the present study showed that the shift in the oral microbiota of pSS patients occurred independent of hyposalivation.
